Abstract. Recent uniaxial tension tests have shown that stress-induced phase transformation in NiTi SMAs tubes can lead to helical-type localized deformation and propagation phenomena. Based on detailed experimental observation and possible deformation mechanism, a trilinear stress-strain relationship with intrinsic strain softening is employed to represent the material constitutive behavior in this paper, and a 3-D finite deformation simulation is performed to model the tube under tension by using nonlinear FEM. The simulations successfully reproduce the nucleation and evolution of the helical-type martensite band during stress-induced transformation observed in the experiments.
Introduction
One of the unique properties of Shape Memory Alloys (SMAs) is superelasticity, which refers to the material's ability to be strained significantly and return to its unstrained configuration upon unloading. This is a consequence of a stress-induced transformation from austemnite to martensite and back when a sample is tested in cyclic uniaxial tension under quasi-static conditions at a temperature somewhat above the transition temperature. Due to their ability to achieve extremely large recoverable deformation, SMAs have been successfully used to manufacture medical surgery devices in recent years such as micro-tubes, stent and guide wires in minimal access surgery.
The growing interest in engineering applications has prompted an increasing number of investigations of SMA material behavior in the past decade. There is substantial activity worldwide to construct suitable models for SMAs materials [1] [2] [3] [4] . Shaw and Kyriakides [5, 6] , in their studies of stress-induced transformation in uniaxially loaded NiTi SMAs strips, showed that phase transformations result in inhomogeneous deformation. They modeled the NiTi SMAs strip as an elastic-plastic solid with a trilinear up-down-up stress strain response and were able to capture many features of localized deformation fields seen in isothermal test on strips. Recent experimental investigation [7, 8] on NiTi SMA superelastic micro-tubes at room temperature discovered more interesting deformation features of the tube structure under uniaxial tensile loading. For example, the stress-induced transformation in the micro-tubes is realized by the initiation and growth of a macroscopic helical martensite band with quite sharp Austenite-Martensite interfaces. The nucleated band surrounds the tube axis for several circles with an inclined angle of about 33 o to the plane of tube cross-section. In the subsequent growth of this band, its shape changes continuously from initial lens-shape at the nucleation, through lengthening, thickening and merging, finally to the shape of a hollow cylinder.
In this paper, the continuum-level plasticity model with trilinear stress-strain relation is implemented in the finite element method to simulate the loading part of the response of NiTi micro-tube under unaxial tension. The purpose is to verify whether the model is able to capture the major features of the evolution of the helical martensite band observed in the experiments.
Overview of Experimental Findings
The micro-tubes are commercially available (Shape Memory Application, Inc., USA) polycrystalline NiTi with grain sizes of 30-50 nm. Microtubes with outer diameter of 1.5 mm are used in the test. . Detailed test procedures and the set-up can be found in references [7, 8] .
The deformation behavior of the tube was observed from the tube surface morphology in Fig. 1 and the nominal stress-strain curve in Fig.2 : In early stages of tensile straining, a linear elastic deformation of austenite is observed and the deformation is macroscopically homogeneous; This homogeneous deformation continues until the peak load where a single macroscopic helical martensite band forms with a load drop to the stress plateau. The band oriented at an angle of 57° to the loading axis. The strain inside the band is about 6% due to fully transformation of the material. With the continued displacement controlled elongation of the specimen, the band grows (lengthening and widening, and finally merging into a single cylindrical tube-like band) at almost a constant force level until it spreads over the whole tube sample. The fully transformed martensite becomes stiffer and further loading leads to homogeneous elastic deformation of the polycrystal. During unloading, the above stages of deformation are reversible by reverse transformation process. 
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Constitutive model
The physical origin of this kind of deformation localization during stress-induced phase transformation still remains to be identified. It could be attributed to the autocatalytic effect due to the strong interaction of different stress-induced martensite products in the grain size or even smaller microscopic length scales. Generally, this autocatalytic effect will lead to the intrinsic strain softening followed by hardening of constitutive relations corresponding to the non-convex free energy of the material. This intrinsic softening is considered to be responsible for the above inhomogeneous deformation via the macroscopic martensite band nucleation and propagation. Fig.3 shows the measured nominal stress-strain relationship monitored by the extensometers with different gauge length. It is seen that the response varied with gauge length; the true stressstrain relationship is close to the response measured from shorter gauge length. Thus the material behavior can be approximated by a trilinear stress-strain relation with the first and third branch represent elastic deformation of austenite (elastic modulus E A = 32.5GPa) and martensite (elastic modulus E M = 31.5GPa) respectively. The second branch has a negative slope in the stress-strain curve (softening modulus E T = -0.54Gpa). Therefore the constitutive model superelastic NiTi material can be simply given as follows: The material is assumed to be homogeneous and isotropic. The constitutive model can be extended to the multi-axial stress state by standard isotropic J 2 theory using von Mises criterion for transformation conditions [4] . Assuming that the total strain rate ij ε& can be decomposed into an 
The constitutive model for large deformation is expressed as Jaumann rate of Cauchy stress 
Finite element simulation
With the above constitutive relations, a 3-D simulation of the tensile response of the NiTi SMAs tube was performed using the finite element package ABAQUS and its UMAT. Fig.4 shows the tube geometry and the mesh used in numerical computation. The aspect ratio of the tube (thickness t/diameter D/length L) was taken to be 1:10:400. Uniform cube with side equal to the thickness t was used as the element. A small material defect, giving 2% reduction in the transformation stress, was introduced in one element to initiate the nucleation of martensite band (note: we need to introduce a defect in the tube to locate the nucleation site). One end of the tube was imposed the fixed boundary conditions, whereas the other end was controlled by the applied displacement in the axial direction. 5 shows the calculated nominal stress-strain curve annotated with numeric labels corresponding to the band morphology during growth and mergence of Fig. 6. Fig .6 shows axial strain contours corresponding to a chosen controlled displacement. At beginning, the tensile tube exhibits homogenous linear elastic deformation. The maximum elastic strain was ε = 1.6%. Once the nominal stress reaches a critical value (at the peak σ = 478MPa) a helical martensite band with an inclination angle of 57° to the axial direction starts to form at the position of initial imperfection. At the mean while the stress drops immediately from 478 MPa to the plateau value of 452 MPa. Then, the stress keeps this plateau value but the helical band travels towards both ends of the tube gradually and becomes widening, lengthening and merging. The equivalent transformation strain inside the band is uniform with the value of 4.8%, which leads to a strain jump from austenite region to martensite region. After the whole length of the specimen transforms into martensite, the stress starts to increase with the further homogenous deformation of the martensite. By detailed comparison with the test results of Figs.1 and 2 , it is seen that the deformation patterns of the tube are quantitatively reproduced.
In order to check the mesh sensitivity, we choose cube element and triangular prism element with different mesh density to do the numerical tests, respectively. The numerical results show that the helical-type bands predicted by using cube elements with aspect ratios (element length/thickness) 0.5and 1.0 are very similar (Fig. 7) . However there is strong mesh sensitivity in triangular prism element (Fig.8) . 
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